Although the formation and propagation of plasma plume for atmospheric pressure plasmas have been intensively studied, how does the plasma plume terminate is still little known. In this letter, helium plasma plumes are generated in a long quartz tube by pulsed voltages and a constant gas flow. The voltages have a variable pulse width (PW) from 0.5 ls to 200 ls. It is found that the plasma plume terminates right after the falling edge of each voltage pulse when PW < 20 ls, whereas it terminates before the falling edge. When PW is larger than 30 ls, the duration of plasma plume starts to decrease, and the termination is found to occur at the current zero moment of the discharge current through the high-voltage electrode, which is much different from that through the ground electrode. This indicates that part of the discharge current is shunted by the plasma plume to its downstream gas region. An equivalent circuit model is developed, from which the surface charge deposited on the quartz tube is found crucial for accelerating the termination of a plasma plume when PW > 30 ls. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985332] Atmospheric pressure plasmas have attracted growing attention thanks to their wide range of promising applications, such as plasma biomedicine [1] [2] [3] [4] and surface functionization. [5] [6] [7] Up to now, there have been many studies on the formation and propagation of plasma plumes in atmospheric pressure plasmas. [8] [9] [10] For example, Mericam-Bourdet et al. predicted that the solitary surface ionization wave is crucial for the formation of a plasma plume, 11 while Lu et al. proposed a photo-ionization theory to explain the plume's propagation. 12 Besides, Shao et al. pointed out that runaway electrons play an important role in high-speed propagation. 13 However, so far the reports on the termination of plasma plumes are very few, and the underlying termination mechanism is not well understood. For example, it is generally thought that a plasma plume terminates right after the end of a voltage pulse due to the neutralization reactions in the ionized channel, 14, 15 implying that the length of plasma plume should increase with the pulse width. However, Lu et al.
showed that an increase of the pulse width leads to a shorter plasma plume, 16 which is contrary to the common notion. Further elucidating the termination mechanism of plasma plume is of scientific importance, since atmospheric pressure plasmas are a hot area of research, and technically beneficial for optimizing the plasma plume to meet application requirements, such as the application of a long plasma plume for root-canal disinfection. 17 In this letter, a plasma source with a coaxial needle-toring electrode configuration was used. The needle electrode was connected to a high-voltage pulsed power source, and the ring electrode was grounded [see Fig. 1(a) ]. The needle tip was covered by hot glue to make the plasma plume more diffuse in a quartz tube, and the ring electrode was wrapped around the tube with a width of 2 cm. The distance between the needle and the ring electrodes was 5 mm in the axial direction of the tube, and the tube had an inner diameter of 4 mm, an outer diameter of 6 mm, and a length of 70 cm. Helium (5N) was used as the working gas, which flowed through the tube at a rate of 5 L/min. A homemade adjustable pulsed voltage generator was used, and the applied voltage had a flat-top value of 5 kV, a frequency of 4 kHz, and a pulse rise time of 30 ns. The pulse width (full width half maximum) was varied from 0.5 ls to 200 ls. A voltage probe (Tektronix P6015A) was used to measure the applied voltage, and two current probes (Pearson 2877) were used to measure the currents through the high-voltage electrode and the ground electrode. Photographs of the plasma plumes were taken by a camera (Nikon D7000) with an exposure time of 2 s, and when studying the time evolution of a plasma plume, images were taken by an intensified charged-couple device (PI-Max3) with an exposure time of 20 ns.
The waveforms of the applied voltage are shown in Fig.  1(b) , which almost overlap with each other except for their different pulse widths. This implies that any change of the plasma plume (will be discussed below) is caused by the pulse width, not by the other parameters of the applied voltage. Correspondingly, the waveforms of discharge current through the high-voltage electrode are also shown in Fig.  1(b) . It can be seen that the current has a positive pulse at the rising edge of the voltage and a negative pulse at the falling a)
Electronic addresses: xhw@mail.xjtu.edu.cn and liudingxin@mail.xjtu. edu.cn edge of the voltage. This is similar to other reports of pulseexcited discharges as a result of the reverse breakdown. 14, 15 Interestingly, the negative current pulse becomes weaker and weaker with the increasing pulse width of the voltage from 0.5 to 20 ls, beyond that it is almost constant.
The rising edges of the voltage for different pulse widths are shown in Fig. 1(c) , which further illustrate the good overlap of the voltage waveforms. However, the corresponding current waveforms do not overlap as shown in Fig. 1 
(d).
They have similar pulse shape but different time lags to the discharge voltage. The dashed inset shows that the time lag increases with the pulse width of the voltage.
Figure 2(a) shows the photographs of the plasma plume for different pulse widths of the applied voltage. It can be seen that the length of plasma plume first increases, then decreases, and finally becomes almost invariable. Figure 2 (b) shows the length of the plasma plume, its time duration, and the dissipated energy of one positive current pulse for pulse widths from 0.5 to 100 ls. It can be seen that the length of plasma plume increases almost linearly when PW < 20 ls, and then, it gradually reaches a peak value of $43 cm at PW $ 23 ls. After that, it decreases until PW$50 ls to get into an almost constant value of $30 cm. Similarly, the time duration of plasma plume also increases linearly until PW < 20 ls, and in that case, it is slightly larger than the pulse width. After that, the time duration of the plasma plume becomes smaller than the pulse width, and it changes to decrease when PW > 30 ls. Note that for pulse widths above 50 ls, the length of plasma plume is almost constant, but the duration of the plasma plume decreases, which is attributed to the increase in propagation speed of the plasma plume as will be discussed below. As shown in Fig. 2(b) , the dissipated energy of one positive current pulse, corresponding to the front edge of a voltage pulse, decreases from 0.28 to 0.25 mJ with the increasing pulse width from 0.5 to 20 ls, and then it maintains at $0.25 mJ. This trend is similar to the peak value of the negative current pulse as presented above.
The time-resolved images of plasma plumes, i.e., the plasma bullets, are shown in Fig. 3(a) for the typical cases with PW ¼ 2, 20, and 100 ls. All the plasma bullets for a plasma plume are put together to form a mosaic photo, which accompanies the ordinary photo (taken by the Nikon camera) for comparison. The time interval for two adjacent bullets was kept at 250 ns by adjusting the trigger delay for the ICCD camera in each voltage cycle, and the exposure time was set at 20 ns. The mosaic photo of the plasma plume has comparable length with the ordinary one when PW ¼ 2 ls, but it is shorter for PW ¼ 20 or 100 ls as a result of the two cameras' differences in exposure time and photosensitive efficiency. It can be seen that the plasma bullet becomes smaller and darker as it propagates and finally disappears. This is the case for PW ¼ 20 and 100 ls, but for PW ¼ 2 ls, the bullet disappears suddenly when it is still big and bright. This implies that the plasma plume terminates due to the self-quenching reactions for the cases of PW ¼ 20 and 100 ls, whereas it is forcibly terminated by the falling edge of the voltage pulse for PW ¼ 2 ls.
11,14,15
Figure 3(b) shows that the initial velocity of the plasma bullet for PW ¼ 2 ls is greater than that for the other two cases, which may be attributed to the larger dissipated energy at the front edge of the voltage pulse [see Fig. 2(b) ]. 
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• --0. However, the velocity suddenly drops with the falling edge of the voltage pulse at 2 ls, and the bullet disappears quickly within 0.23 ls. Similarly, the velocity of plasma bullet also drops quickly after the falling edge of the voltage pulse when PW ¼ 20 ls, but in that case the velocity is very low of 1.2 Â 10 4 m/s just before the falling edge, and the plasma bullet is very small in that moment. This indicates that the plasma plume is about to terminate due to self-quenching reactions even without the falling edge of the voltage pulse. So, PW$20 ls is a threshold value whether the selfquenching reaction or the falling edge of voltage pulse dominates the plasma plume termination. Interestingly, the plasma plume is the longest when PW ¼ 20 ls [see Fig. 2 ]. The plasma plume terminates at t ¼ 10.98 ls when PW ¼ 100 ls, which is much before the falling edge of the voltage pulse.
Why does the plasma plume terminate faster with the increasing pulse width from PW ¼ 30 ls to 100 ls [see Fig.  2(b) ]? It should not be directly caused by the falling edge of a voltage pulse because the termination moment is far ahead of that. In order to elucidate the underlying mechanism, we plotted in Fig. 4(a) the discharge currents either through the high-voltage electrode (I hv ) or through the ground electrode (I gr ) for the pulse widths of 10, 20, 50, and 100 ls. It can be seen that I gr decreases to zero at about 2 ls for all the cases of voltage pulses during their flat top region, but I hv lasts much longer. I hv is always larger than I gr when it is not zero. Therefore, I hv must be shunted by the plasma plume to its downstream gas region. In the scientific literature, the ground electrode current is commonly measured for plumecontaining plasmas such as a plasma jet, but here we note that the current through the high-voltage electrode is more important, because part of the current will not flow through the ground electrode. As shown in Fig. 4(a) , I hv becomes zero at the very moment of the falling edge for PW ¼ 10 ls and 20 ls, but it decreases gradually to zero before the falling edge when PW > 23 ls. For example, the current zero moment of I hv is 15.5 ls for the case of PW ¼ 100 ls. Importantly, it is found that the current zero moments of I hv are almost the same as the moments of plasma plume termination when PW > 30 ls. This is because the plasma plume needs electrical energy to be sustained.
In order to better elucidate the mechanism of plasma plume termination, an equivalent circuit model was proposed, as shown in Fig. 4(b) . This model is based on a previous plasma jet model proposed by Lu et al. 18 and a dielectric barrier discharge model proposed by Underwood et al. 19 The equivalent circuit is composed of a circuit for the gas gap between the high-voltage and ground electrodes, which is in series with two current branches either to the ground electrode or to the downstream gas region. The two branches are parallel with each other. For the gas gap, C g is used to describe the gap capacitance, and a bidirectional zener diode D g and a variable resistance R g are used for the nonlinear gap resistance. The constant gap breakdown voltage can be represented by D g , and the change in gas conductivity due to the space charge can be reflected by R g . There is a quartz tube barrier between the gas gap and the ground electrode (G 1 ), and C t1 represents its capacitance. The current branch through the plasma plume to the downstream gas region consists of a capacitance (C p ) and a resistance (R p ) to reflect the ionized channel of the plasma plume. C t2 represents the barrier capacitance in the downstream gas region which is connected to the remote virtual ground (G 2 ). For the equivalent circuit described in Fig. 4(b) , the surface charge deposited on the quartz tube (represented by point A) and the space charge in the gas gap play an important role in the plasma plume termination when PW < 20 ls. The surface charge is produced by each discharge during the rising edge of the voltage pulse, and it is mainly diminished by the reverse discharge during the falling edge. Both the discharges at the rising and falling edges of a voltage pulse produce space charges, which are mainly diminished by neutralization reactions. After each discharge, the amount of space charge decreases sharply with time, leading to an increase of R g in the equivalent circuit. Therefore, it can be deduced that the current of the reverse discharge weakens with the increasing pulse width of the applied voltage, which agrees well with the experimental results shown Fig. 1(b) . More surface charge will reside with the increasing R g , and as a result, higher voltage is needed for the gas breakdown at the front edge of the next voltage pulse, which is verified by the increasing time lag of the discharge current [see Fig.  1(d) ] and the decreasing discharge energy as shown in Fig.  2(b) . The current for the reverse discharge becomes almost constant when PW > 20 ls, which may be because the residual time for the space charge is less than 20 ls. When PW < 20 ls, the reverse discharge will not only diminish the surface charge but also terminate the plasma plume by the reverse electric field (the direction of I p reverses).
When PW > 30 ls, the plasma plume terminates before the falling edge of voltage pulse, and therefore, the reverse discharge will not influence the plasma termination directly. However, increasing pulse width leads to more surface charge driven by the electric field to the downstream region, and as a result, as a result more surface charge will reside on there [corresponding to the point B in Fig. 4(b) ] when the next voltage pulse comes. This would hinder the propagation of the plasma plume, leading to decreasing length of plasma plume with the increasing pulse width when 30 < PW < 50 ls (see Fig. 2 ). When PW > 50 ls, the reverse discharge at the falling edge will enhance the discharge at the front edge of the next pulse since the time gap is less than 200 ls, so the length of the plasma plume stops decreasing. The enhancement can be reflected by the larger discharge current through the high-voltage electrode as shown in Fig. 4(a) . However, the current for PW ¼ 100 ls still decreases to zero faster than for PW ¼ 50 ls, because the surface charge is mainly on the downstream region, and consequently its effect is pronounced only when the plasma plume propagates long enough.
The length of the plasma plume is the longest when the pulse width is between 20 and 30 ls. This might be because the reverse discharge enhances the plasma plume when it is about to disappear via self-quenching reactions.
In summary, the purpose of this letter is to elucidate the termination mechanism of plasma plume for helium plasmas at atmospheric pressure. The plasma plumes were generated in a long quartz tube by flat-topped pulsed voltages and a constant gas flow. The voltages have a variable pulse width (PW) from 0.5 to 100 ls. It was found that when PW < 20 ls, the plasma plume terminates with the falling edge of a voltage pulse due to the reverse electric field formed in the plasma plume, whereas it terminates before the falling edge. When PW > 30 ls, the termination occurs when the discharge current through the high-voltage electrode decreases to zero, which is much different to the current through the ground electrode. This indicates that part of the discharge current is shunted by the plasma plume to its downstream region, which acts as a third part electrode. Based on this, an equivalent circuit model was developed. It was deduced that the surface charge on the quartz tube deposited by the last voltage pulse would inhibit the current one, and the amount of surface charge becomes greater with increasing pulse width, leading to an acceleration of plasma plume termination when PW > 30 ls. It should be noted that the termination mechanism of the plasma plume presented here is confined in a quartz tube, which might not be exactly the same as that for the helium plasma jets in open air, so further studies on the termination mechanism are still needed.
